Investigating biological and synthetic nanoscopic species in liquids, at the ultimate resolution of single entity, is important in diverse fields [1] [2] [3] [4] [5] . Progress has been made 6-10 , but significant barriers need to be overcome such as the need for intense fields, the lack of versatility in operating conditions and the limited functionality in solutions of high ionic strength for biological applications. Here, we demonstrate switchable electrokinetic nanovalving able to confine and guide single nano-objects, including macromolecules, with sizes down to around 10 nanometres, in a lab-on-chip environment. The nanovalves are based on spatiotemporal tailoring of the potential energy landscape of nano-objects using an electric field, modulated collaboratively by wall nanotopography and by embedded electrodes in a nanochannel system. We combine nanovalves to isolate single entities from an ensemble, and demonstrate their guiding, confining, releasing and sorting. We show on-demand motion control of single immunoglobulin G molecules, quantum dots, adenoviruses, lipid vesicles, dielectric and metallic particles, suspended in electrolytes with a broad range of ionic strengths, up to biological levels. Such systems can enable nanofluidic, largescale integration and individual handling of multiple entities in applications ranging from single species characterization and screening to in situ chemical or biochemical synthesis in continuous on-chip processes.
. However, the need for much smaller feature sizes and different functioning principles inhibit the direct import of such ideas to the nanoscale and impose new challenges on the way of realizing spatial confinement and controlled guidance of nanoscopic objects in liquids. We introduce the concept of an elektrokinetic nanovalve, which consists of a pair of electrodes placed on either side of a nanochannel constriction as depicted in Fig. 1a . We combine the function of imposed external electric fields (electrodes) with that of inherent electric double layers in the wall vicinity of nanochannels and selectively fabricated nanotopography to regulate the potential energy landscape experienced by a nano-object and to non-intrusively control its motion, solely by the configuration of the resulting electric field and forces on the particle. Depending on the voltage applied to the electrodes of the same device, the nanovalve can be operated in both direct current (d.c.) or alternating current (a.c.) elektrokinetic modes. While the d.c. mode can handle particles in low-ionic-strength solutions, the a.c. modes are effective at high ionic strengths. At low ionic strength, the electric double layer of a constriction in the nanochannel acts as an electrostatic barrier that blocks particle passage (closed nanovalve). Applying a d.c. electric field generates a force that can electrophoretically drive the particle through the constriction (open nanovalve). Conversely, at high ionic strengths, the double layer thickness decreases drastically and the constriction electric field cannot deny the particle passage. The valve is closed by applying an a.c. field, which stops the particle passage by generating a dielectrophoretic energy barrier and a corresponding 'braking' force, holding the particle from going through, shown for up to biological buffer solution ionic concentrations (I ≈ 160 mM) 15 . The nanochannel has a width of 500 nm and a depth of 300 nm; at the constriction the channel becomes shallower with a width of 500 nm and depth of 200 nm (Fig. 1a) . Through a communicating microchannel system on the same chip the particles in solution are transported either electrokinetically or with an evaporation-induced flow to the nanochannels ( Supplementary  Fig. 1 ). Activating the nanovalve and inducing a favourable potential energy landscape moves the particles in the surrounding liquid. Figure 1b -e illustrates the functional principle of the valve on a single gold nanoparticle (100 nm in diameter) and an adenovirus particle (~90 nm in diameter) in solutions with ion concentrations spanning almost three orders of magnitude, respectively 16 . The inplane trajectories of the particles are overlaid on the scanning electron micrograph (SEM) of the valve for clarity. The trajectories of all nanoscale species studied in this work were obtained with either fluorescence or interferometric scattering (iSCAT) 17 . In frame (I) (Fig. 1b,c ) the particle is prevented from passing through the closed valve due to the presence of a potential energy barrier, while in frame (II) an externally controlled change in the potential energy landscape induced by the electrode voltages opens the valve and enables the particle to move through.
The potential energy landscape is generated by electrostatic and dielectrophoretic interactions. When exposed to water, the SiO 2 channel walls attain a double layer with a decaying electrostatic potential of a characteristic Debye length κ ∝ ∕ − I 1 1 (refs 18, 19 ). For low-ionic-strength electrolytes (I < 0.5 mM) the Debye length κ −1 is several tens of nanometres long 20, 21 and the double layers from a charged nano-object and the channel wall can interact leading to a potential energy landscape 9, 22 . At the channel constriction, because of increased interaction, a potential energy barrier Δ U P for the particle is formed. This barrier can be substantially higher than the inherent thermal energy k B T (k B , Boltzman constant) of the nanoobject (Fig. 1d , orange curve), and can prevent its passage over the barrier (closed valve) 9, 23 . A sufficiently large d.c. electric field, by applying a voltage between the two nanoelectrodes, reduces the barrier such that it is overcome by the energy of the particle, which advances itself forward (open nanovalve). The d.c. mode fails for electrolytic strengths, I, larger than ~0.5 mM due to the reduced thicknesses of the double layers (to a few nanometres) 19, 20 . Most biological solutions have ionic strengths of the order of ~150 mM (ref. 15 ), more than two orders of magnitude higher than this limit.
The principle of the a.c. mode is based on dielectrophoretic forces, which can readily extend the functionality of the device into the realm of biologically relevant solutions. The time-averaged potential energy in this case is πε
2 , where ε m , R, Re(CM) and E a.c. are the electrolyte permittivity, the effective particle radius, the real part of the Clausius-Mossotti (CM) factor and the root-mean-square electric field from the applied a.c. voltage, respectively 18, 24 . Re(CM) is a function of the conductivities and permittivities of the particle and electrolyte and varies with frequency 18, 24 . For negative values of Re(CM) we can obtain a potential energy barrier within the constriction due to the corresponding increase of the electric field, E a.c. .
The simulated potential energy profiles in Fig. 1e show that for a sufficiently high a.c. voltage (green and orange curves) the particle experiences a potential energy barrier substantially higher than its thermal energy and is prevented from going through the constriction (closed valve) 23 . In contrast, for V a.c. = 0 V (blue curve) the potential energy barrier is not present and the particle can move through the constriction (open valve).
Connecting two such nanovalves in series allows us to guide a particle to the interspace between the two nanovalves, confine it and release it on-demand (Fig. 2a) . In such a trap-in channel, the central electrode (C) is shared by the two nanovalves. In Fig. 2a and in Supplementary Video 1 we demonstrate guiding, confining and releasing of an adenovirus in buffer solution (0.2× PBS, I ≈ 32 mM) in a.c. mode. Furthermore, we employed the a.c. mode to handle a 100 nm (diameter) lipid vesicles ( Supplementary Fig. 2 ), and the d.c. mode to handle a 100 nm spherical gold nanoparticle (Supplementary Video 2 and Supplementary Fig. 3a ) in a trap-in-channel structure.
The potential energy barrier in the a.c. mode
2 ) rapidly decreases as the particle size (R) decreases. However, |E a.c. | , where L is the characteristic cross-sectional dimension of the channel constriction. Therefore, the drop of the potential energy barrier for very small nano-objects can be compensated by shrinking the cross-section of the channel constriction. For the valves in Fig. 2b ,c we reduced the cross-section of the constriction to 70 × 70 nm 2 ( Supplementary Fig. 4 shows the design). The nanotopography of this nanovalve allows us to perform valving of particles down to single macromolecules. The configuration shown employs three joined and independently operated nanovalves, in a Y-junction. Such a trap-in-junction device can be used to isolate, sort, mix (or combine) individual nano-objects from an ensemble of nano-objects at the nanochannel entrance entering the nanochannel serially. Figure 2b demonstrates the capabilities of this system to isolate a single quantum dot (QD, 625 ITK Carboxyl, Thermo Fischer Scientific, 10 × 12 nm 2 ) from an ensemble in the junction (centre), confine it there and release it on demand to the top-left (left panel) or to the top-right (right panel) channel (sorting, see also Supplementary Video 3). The left sequence also demonstrates that particles can be independently controlled: while the isolated QD is confined and guided to the left, another QD of the ensemble is prevented from entering the trap by the closed valve. Figure 2c and Supplementary Video 4 show a similar motion control and valving of a single immunoglobulin G molecule (Goat anti-Rabbit IgG, tagged with Alexa Fluor Plus 488, Thermo Fisher Scientific, 144 kDa). Single molecules are first isolated in the trap and subsequently released to the top-left (left panel) or top-right (right panel) nanochannels. While tracing the molecules in the micro-and nanochannel is difficult due to their very fast and large thermal fluctuations, they become easily traceable in the trap when their motion is confined. This may enable studies of their optical contrast, for example for mass spectrometry 25 and statistical motion, determining their various properties, such as charge 22 , dielectric properties and polarizability. In Supplementary Fig. 5 and Supplementary Video 5, the same sequence in the trap-in-junction device is shown for an adenovirus. Furthermore, we used the d.c. mode to control the motion of a 100 nm (Supplementary Video 6) and a 60 nm ( Supplementary  Fig. 3b ) gold particle. Supplementary Video 7 shows a sequence for simultaneous control of two 100 nm polystyrene beads in a.c. mode
-500 0 x (nm) -1,000 -500 0 ) states. All electric fields are specified at the constriction. Dimensions of the device are h = 300 nm, g = 180-220 nm, s = 500 nm, p = 400 nm and w = 500 nm. Scale bars, 500 nm.
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Nature NaNotechNology (0.1× PBS, I ≈ 16 mM) and two 100 nm gold particles in d.c. mode (I = 0.05 mM), enabling the study of their interactions.
To investigate the probability distribution of the lateral particle displacement and potential energy in a nanovalve, we recorded the position of a trapped 100 nm fluorescent polystyrene bead (Fig. 3a) . The right diagram shows the particle probability density and potential energy profile (dots) calculated from the scatter plot and corrected for the finite exposure time 26 . Electric field distribution is obtained using finite element method (FEM). The results are substituted into the Boltzmann probability distribution (equation (9), Methods) and fitted to the measured probability distribution p(r) using Re(CM) as a fitting parameter (see Methods section 'a.c. mode'). The mean lateral displacement along the channel increases when going from 0.1× to 1× PBS concentration. This can be explained by the lower CM-factor and the weakening of the electric field in the valve at 1× PBS concentration, originating from the enhanced screening of the charges at the electrodes. From these fitted simulations we obtained Δ U P ≈ 17k B T and Δ U P ≈ 10k B T for the 0.1× PBS and 1× PBS cases, respectively. These values of the potential energy barriers can be independently calculated by inserting the measured residence times of the trapped particles into Kramer's relation 23, 27 . For the 0.1× PBS and 1× PBS concentrations, we repeatedly measured residence times of the order of several tens of minutes and tens of seconds, respectively. These values correspond to potential energy barriers, in good agreement with the fitted simulations mentioned above. In Fig. 3b we present the measurements of an adenovirus and observe an increase in the confinement, when going from V a.c. = 1.75 V to V a.c. = 2.25 V. This is the result of an increase in the potential energy barrier (proportional to |E a.c. | 2 , equation (8) , Methods) for higher applied voltages. The residence times for V a.c. = 1.75 V and V a.c. = 2.25 V were of the order of several tens of seconds and several minutes, respectively. Using Kramer's law we estimate Δ U P ≈ 10k B T and Δ U P ≈ 13k B T for the two cases. x (nm) -1,000 0 1,000 Letters Nature NaNotechNology Figure 4 summarizes the broad range of cases demonstrated with our nanovalving platform. These include handling of biological and artificial nanoscopic entities with varying sizes and surface charges under a broad range of electrolytic strengths. The operational range for the d.c. is limited to I < ~0.5 mM and highly charged particles. In contrast, the a.c. mode is capable of handling a diverse range of nanoobjects in electrolytes of ionic strengths up to physiological conditions, I ≈ 160 mM. The cross-sectional dimensions of the smallest channel constriction made possible valving of particles down to QDs (~10 nm) and single macromolecules 28 . Though there is no intrinsic limitation regarding further downsizing toward particle sizes O(1 nm) in the involved physics and fabrication, there are limitations in detection and tracing of small molecules, which normally generate low optical contrast and undergo photobleaching (in fluorescence) and very fast thermal diffusion (inversely proportional to the molecule size).
In closing, we introduced in this work the concept of an electrokinetic nanovalve and the actual device. The nanovalve exploits different physical principles (electrophoresis, dielectrophoresis and electrostatic trapping), working collaboratively with nanotopography in a nanochannel. The variability of the amplitude and frequency of the applied voltages and the ability to operate in two different modes (a.c. and d.c.) enable the control of a great variety of particle types in a large range of ionic concentrations up to biological levels (Fig. 4) . Such nanovalves can be potentially combined , orange) measured at 28 fps in a trap-in-channel structure. Probability density p(x) and potential energy U P (x) obtained from the scatter plots (dots) and simulation (solid lines) fitted to measurements using the CM-factor as a fitting parameter. U P (x) is corrected for the finite exposure time (see Supplementary Table 1 ). Scale bars, 500 nm. In the a.c. mode (operational range shown in blue) the nanovalve can be operated at higher ionic strengths and also when surface-passivation agents are employed. d.c. mode fails for both these conditions. For lipid vesicles, immunoglobulin G antibodies and adenoviruses, the channel walls were passivated with bovine serum albumin and polyethylene glycol to avoid sticking.
Nature NaNotechNology to construct systems of chip-based nanofluidic devices, two basic cases of which (with combining two and three nanovalves) we have demonstrated.
Note added in proof:
During the review process of this work, another independent experimental work appeared 29 , in which electrostatic effects (similar to the d.c. mode presented here) in combination with d.c. fields generated by electrodes were used to move charged metallic particle ensembles of mixed sizes (60 nm and 100 nm) and rapidly sort them into two size-specific subsets at low salt concentration (less than 1 mM).
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Methods
Preparation of biological and synthetic particles. Gold nanoparticles (60 and 100 nm in diameter, British Biocell International), gold nanorods (50 nm × 95 nm, Nanopartz) and fluorescent carboxylate-modified polystyrene (PS) beads (40 and 100 nm in diameter, FluoSpheres 505/515, ThermoFischer Scientific) were washed by centrifugation (800g, 5 min) and redispersed in deionized (DI) water (> 18 MΩ cm) to reduce ionic strength of solution and remove contaminants (gold particles required three and PS beads required one washing cycle). KCl was used to adjust the ionic strength of the particle solution. Solutions of fluorescent beads were also redispersed in 0.1× and 1× phosphate-buffered saline (PBS). Solution of quantum dots (~10 × 12 nm 2 , Qdot 625 ITK Carboaxyl, ThermoFischer Scientific) was diluted 1:100 in borate-buffered saline (BBS) to 0.2× and 1× buffer concentration. Solution of immunoglobulin G antibodies (IgG, Goat Anti-Rabbit IgG, Alexa Fluor Plus 488, Thermo Fisher Scientific, catalogue number A32731, 144 kDa) was diluted to 1:20,000 in 0.1× PBS concentration with the addition of 5% bovine serum albumin.
Lipid vesicles (~100 nm in diameter) prepared by extrusion and tagged with Atto 532 fluorophores by covalent attachment were dialysed and diluted in DI water (> 18 MΩ cm). Lipid vesicles were also redispersed in PBS solution of 0.1× and 1× concentration.
Solution of adenoviruses, HAdV-C2_TS1 (~90 nm in diameter), was purified twice over caesium chloride gradient and dialysed against 0.1 M sodium bicarbonate, 50 mM NaCl, 1 mM MgCl 2 and was reacted with Alexa Fluor 488 5-TFP amine reactive dye (Thermo Fisher Scientific) for 1 h at room temperature in the dark 30 . Unincorporated dye was removed by banding the virus on a caesium chloride gradient, and subsequently the virus was dialysed against storage buffer (10 mM Tris-HCl pH 8.1, 150 mM NaCl, 1 mM MgCl 2 ).
Solution of labelled adenoviruses was diluted in PBS to 0.2× and 1× buffer concentration with the addition of 0.02 vol% Tween 20. Handling of the viruses (including loading them into nanochannel chips and cuvettes for zeta potential measurements), sealing the loaded devices and autoclaving of the used devices, were carefully performed in a biosafety level 2 classified biolab.
Infection assay. A549 (human lung epithelial carcinoma) cells were seeded at a density of 6,000 cells per well in a 96-well imaging plate in A549 growth medium (DMEM supplemented with 7.5% fetal calf serum and 1% nonessential amino acids) and grown over two nights. HAdV-C5_EGFP virus, a non-replicating reporter virus expressing the enhanced green fluorescent protein (EGFP) 31,32 was preincubated in PBS/0.02% Tween 20 or 0.2× PBS/0.02% Tween 20 for 5 h at room temperature, and then diluted into the A549 growth medium for infection. The infected cells were analysed 24 h post infection as described previously 33 . The average intensity of the EGFP signal over a nuclear area (DAPI stain) was taken as a measure of infection efficiency. The infectivity of the HAdV-C5 was retained in the above specified assay buffers (Supplementary Fig. 6 ).
Zeta potentials and conductivities of the particle solutions were measured by means of dynamic light scattering in a Malvern Zetasizer. The ionic strengths of particle solutions with low ionic strengths (non-buffered) were determined by conductivity measurements and assuming symmetric monovalent electrolytes 18 . For particle solutions with high ionic strengths (buffered), the ionic strengths were determined by the concentrations of the buffer solutions.
Interferometric scattering and fluorescence microscopy. Gold nanoparticles and nanorods were imaged by the iSCAT technique 17, 34 at an acquisition rate of 1,000 fps in a home-built inverted microscope equipped with a high numerical aperture (1.3 NA) objective, a diode-pumped green laser (532 nm) for excitation and a CMOS camera (MV-1024-160-CL, PhotonFocus) for imaging ( Supplementary Fig. 7a ).
Fluorescent particles, lipid vesicles, viruses, QDs and IgG molecules were imaged in a home-built inverted microscope setup equipped with a 450 nm laser (for exciting fluorescent beads, viruses, QDs and IgG molecules) and a 532 nm laser (for exciting lipid vesicles). The fluorescence signal was collected by a 100× , 1.4 NA objective and measured by a scientific CMOS camera (Andor Zyla 4.2 sCMOS), for fluorescent beads, lipid vesicles and viruses; or an EMCCD (iXon Ultra 888) for QDs and IgG molecules. QDs and IgG molecules have low emission intensities and tracking their fast motion requires cutting-edge high-sensitivity cameras (such as EMCCD) and a careful optimization of the optical system. Long-pass filters (cut-off at 500 nm for 450 nm excitation and 550 nm for 532 nm excitation) were used in the detection path to remove the excitation light ( Supplementary Fig. 7b ). In the presented single-molecule measurements (Fig. 2c and Supplementary Video 4), to increase the contrast and reduce the dark noise, we have subtracted the background (averaged over 100 frames) and used a median filter.
Filling and loading of the chip. First, the chip was filled with the electrolyte used in the experiment. The liquid in fluidic port P1 (Supplementary Fig. 1a ) was removed by pipetting it out and then replaced by an equal amount of nanoparticle solution. For the adenovirus, this step was performed in a biosafety classified level 2 lab and the open ports of the chip were closed and firmly sealed. The exterior was disinfected before the chip was transferred to the experimental set-up.
For the d.c. mode (low ionic strength), the particles were driven into the microchannel by an evaporation induced flow from port P1 to P2 or/and by an electric field induced by an externally applied voltage on the electrodes E P1 and E P2 (Supplementary Fig. 1a ). Within the nanochannels the particles were moved by an electric field induced by applying an external voltage on the nanoelectrodes (E nano ) or on the microchannel-electrodes (E µ1 and E µ2 ) ( Supplementary Fig. 1a,b) .
For the a.c. mode (high ionic strength), the particles were driven into the microchannel by an evaporation induced flow from port P1 to P2 ( Supplementary  Fig. 1a ) or/and by diffusion. Within the nanochannels the particle motion was based on diffusion.
Fabrication process of the device. The fabrication process included additive (depositions), subtractive (etchings) and pattern transfer techniques such as electron-beam lithography (Vistec 100 kV system) and photolithography (Karl Süss mask aligner MA/BA6). The result of each fabrication step was characterized by optical microscopy, SEM, profilometry and, when required, atomic force microscopy (AFM) and ellipsometry. The process steps are schematically shown and explained in detail in Supplementary Fig. 8 . Scanning electron micrographs of fabricated trap-in-channel and trap-in-junction structures are shown in Supplementary Fig. 1b . The design and electrochemical characterization of nanoelectrodes can be found in the Supplementary Text and Supplementary Fig. 9 .
Residence time and position probability density of the particle in a potential energy well. A particle can be confined in a potential energy well (minimum). The mean residence time, that is, the mean time before the particle escapes, can be estimated by Kramer's law 23, 27 
where τ R is the characteristic relaxation time as defined in the previous section, and Δ U P is the potential barrier height or depth of the potential energy well. The probability density distribution p(r) of the position of the particle in the well with potential energy function U P (r) can be obtained by the Boltzmann distribution according to 35 d.c. mode. In the d.c. mode, the double layers at the particle and the channel walls interact. For the case of no applied voltage the potential energy of the particle is equal to the change in free energy in the electrolyte (U P = F, see Supplementary Text) 36, 37 . The electric free energy potential (F) can be written in the following form 36, 37 
∫
el U el is the electrostatic energy and Δ S is the entropy difference due to redistribution of ions in the presence of charged objects 36, 37 .
The electrostatic potential (φ) and charge distribution in an electrolyte can be obtained by solving the Poisson-Boltzmann equation with the relevant boundary conditions 37 . To minimize the free energy, counter-ions screen a charged surface by building up a double layer comprising a thin and compact Stern layer of relatively immobile ions closely bound to the surface and a diffusive layer of mobile ions extending into the electrolyte 18 . The characteristic length (Debye length, see main text) of the diffusive part of the double layer can be interpreted as the electrostatic interaction length 18 . For the case of applied potential, the potential energy (U P ) of the particle can be written as the sum of two terms: the electric free energy (F), which considers the contributions from the charge distribution and its associated electrostatic potential, and the electric field along the channel induced by the externally applied d.c. voltage (equation (4) below). We solved the Poisson-Boltzmann equation to obtain the ion distribution in the electrolyte and assumed constant surface charge densities on the SiO 2 channel walls and on the particle surface as boundary conditions 9 . For the SiO 2 channel walls, a surface charge density q s = -1.6 mC cm -2 was used 9, 38 . At the nanoelectrodes, the surface charge density was set to zero. For the particles, we employed an approximate equation to calculate the surface charges from the measured zeta potentials 9 . Due to the interacting double layers, the effective surface charge densities are smaller and are a function of the Debye length and the separation of particle and channel walls 38 . In our simulations we accounted for this by employing a reduction factor according to ref. 38 , for the surface charge densities of the channel walls and the particle. For the 100 nm and 60 nm gold particles, we observed that their surface charges in the nanochannel were lower than obtained from the zeta potential measured outside the nanochannel. Due to this deviation, we report the more representative values of the surface charges measured in the nanochannel, which were obtained from scatter plots of the
